A novel large volume spherical proportional counter, recently developed, is used for neutron measurements. The pure N 2 gas is studied for thermal and fast A comparison of the spherical proportional counter with the current available neutron counters is also presented.
Introduction
The Spherical Proportional Counter (SPC) (figure 1) is a novel concept with very promising features, among which is the possibility of easily instrumenting large target masses with good energy resolution and low energy threshold.
The natural radial focusing of the spherical geometry allows collecting and amplifying the deposited charges by a simple and robust detector using a single electronic channel to read out large gaseous volumes [1] [2] [3] . The sensitivity of the detector is obtained using the Rn daughters decay to alpha particles in the energy range of 5.3 − 7.7 M eV . The low energy calibration of the detector from 100 eV up to several tenths of keV is achieved by using X-rays and a UV lamp [4, 5] . The detector has been successfully used as a neutron detector based on the 3 He(n, p)H 3 reaction [6] . At the present work the SPC has been optimized for operation with pure nitrogen (N 2 ), which presents an interesting neutron converter, permitting neutron spectroscopy up to 20 M eV . The thermal and fast neutrons are detected via the 14 N (n, p)C 14 reaction and fast neutrons with energy greater than 1.7 MeV via the 14 N (n, α)B 11 reaction. The low background of the detector and the possibility to separate the γ ray pulses from proton and alpha particle pulses (through pulse shape analysis) increases the sensitivity for neutron detection. This detector can successfully measure very low thermal neutron fluxes, enabling measurements of neutron energy spectra up to several MeV at ground and underground level [6] . 
The detector
The detector consists of a large spherical copper vessel, 1.3 m in diameter and 6 mm thick. It is operated in a sealed mode, after being well pumped (up to 10 −8 mbar) and filled with a gas mixture at pressure of several hundred mbar up to 5 bar. An outgassing in the order of 10 −9 mbar/s is necessary for the amplification stability, because the presence of the O 2 in the drift volume induces electron attachment. A small stainless ball (sensor), usually of 14 mm in diameter, fixed in the center of the spherical vessel by a stainless steel rod, acts as an electrode with positive high voltage (anode) in respect to the grounded vessel (cathode) and as a proportional amplification counter. Details about the design and principle of the SPC can be found at [4] where a complete description of the detector exists. In order to fulfill the requirements for operation with pure N 2 the 14 − mm ball had to be replaced by a smaller 8 − mm or 3 − mm ball.
In addition, the metallic ball had been replaced by a silicon one to reduce the negative effects of occasional sparks. These improvements were necessary to achieve proportional amplification in pure N 2 , a process occurring at extremely high electric fields. Figure 2 shows a typical spectrum produced by a 55 F e source at 500 mbar N 2 pressure, the obtained resolution (σ) is reasonably good at about 11%. 
The neutron detection
The detector is filled with pure N 2 at pressure up to 500 mbar. Thermal neutrons interact with the 14 N nucleus via the reaction
The energy of the exothermic reaction is shared as kinetic energy between the 14 C and the proton with E C = 41.72 keV and E p = 584.15 keV . Fast neutrons can be detected via the
reaction up to E n = 20 M eV . The cross section for the thermal neutron detection is 1.83 barn [7] and for fast neutron detection is presented in figure   3 . The endothermic reaction is the one with the most significant contribution to fast neutron detection for incident neutron energies greater than 1.7 M eV , since the cross section of the 14 N (n, α)B 11 reaction is higher than that of the 14 N (n, p)C 14 reaction after this energy value. In case the detector being used as a neutron spectrometer and not as a simple neutron counter, the wall effect plays an important role. The wall effect depends on the range of the produced particles and on the size of the detector. In figure   8 we present the wall effect for the geometry of the SPC as a function of the sum of the ranges of the produced charged particles. The calculation was done using a simplified Monte Carlo simulation; we considered a homogeneous distribution of the interaction point inside the spherical volume and an isotropic, back-toback emission of the reaction products. If any of the two fragments touches the detector shell, the event is accounted as "lost due to wall effect". The ranges depend on the neutron energy and on the gas pressure. As an example, for pure N 2 gas at 500 mbar and thermal neutrons, the range of the emitted proton is 
Comparison with the commercial neutron counters.
There are many commercially available neutron counters [12] mainly in cylindrical shape, with different diameter and length. The tubes are filled with 3 He gas [13] or 10 BF 3 gas [14] and the neutrons are detected via the 3 He(n, p)H the SPC is also suitable for fast neutron spectroscopy; compared to the N 2 gas it produces nuclear recoils in the same energy region as the 0.76 M eV thermal neutron peak, increasing the background.
Future developments
The first measurements revealed the capabilities of the spherical detector based on N 2 as a neutron counter and its potential as a simple neutron spectrometer. The performance of the detector is expected to be improved in the coming tests by considering the following modifications:
• operation in higher gas pressure, thus increasing the detection efficiency and minimizing at the same time the wall effect
• reduce the diameter of the electrode ball Ongoing simulations show that particle discrimination through pulse shape analysis technique is possible. The separation is based on the fact that the range of protons in the gas is longer than the one of alpha particles of same energy.
The radial distance between the start and end point of the particle trajectory (together with the longitudinal diffusion) reflects on the time characteristics of the corresponding pulses. The correlation of the observed rise time and pulse width with the pulse amplitude will allow the discrimination of (n, p) from (n, α) reactions and the rejection of (n, γ) reactions, thus simplifying the reconstruction of the neutron spectrum. Furthermore, the wall effect is much less important for the (n, α) reaction, so it is expected to extend the range of the spectroscopy to higher neutron energies.
In order to exploit the spectroscopy capabilities of the spherical detector we are planning a series of measurements with monoenergetic neutron beams in facilities like CEA Cadarache or N.C.S.R. Athens. 
Conclusions
The SPC can be successfully used as a neutron detector, with pure N 2 gas, exploiting the 14 N (n, p)C 14 and 14 N (n, α)B 11 reactions. We were able to measure the thermal neutron flux from both neutron sources and atmospheric neutrons with success. As for the fast neutrons we were able to measure the 252 Cf and the 241 Am− 9 Be neutrons and to show the fast neutron spectroscopy potential of the spherical detector, for neutron energies up to 20 M eV . The simple, robust design, the large volume and the possibility of operation at high pressure are important advantages that make the SPC an attractive alternative to the typical cylindrical counters.
